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Heusler alloys show great promise for use in spintronic devices due to their predicted half-metallic band structure. Recently, large room temperature tunnel magnetoresistance ͑TMR͒ values have been observed in magnetic tunnel junctions ͑MTJs͒ with Co 2 MnAl ͑Ref. 1͒ and other Heusler alloy 2,3 electrodes. It is expected that the half-metallic band structure may suppress spin-flip processes and hence reduce the damping of the magnetization precession. Ferromagnetic resonance ͑FMR͒ has previously been used to study the intrinsic Gilbert damping parameter of thin Co 2 MnAl films. 4, 5 However, time domain measurements of the damping parameter over a continuous range of frequencies are needed to achieve a comprehensive understanding of the dynamic properties while measurements within the low field regime are of particular technological relevance. All-optical pumpprobe techniques have been demonstrated in the last decade that enable ultrafast demagnetization, coherent magnetization rotation, and hot electron relaxation in magnetic thin films [6] [7] [8] [9] [10] [11] to be studied over an extended range of frequencies.
In this paper, we present all-optical pump-probe measurements of precessional magnetization dynamics in an epitaxial Co 2 MnAl thin film. By varying the strength and orientation of the static magnetic field and fitting the resulting transient Kerr rotation signals to a macrospin solution of the Landau-Lifshitz-Gilbert ͑LLG͒ equation, we have studied the variation of the frequency, amplitude, phase, and damping of the precession. We demonstrate that precession is induced by an ultrafast modification of the magnetocrystalline anisotropy and determine the dependence of the damping upon both the strength and orientation of the magnetic field.
A MgO͑001͒/Cr͑40 nm͒/Co 2 MnAl͑30 nm͒/MgO͑10 nm͒ structure was grown by magnetron sputtering at room temperature on a MgO ͑001͒ substrate. 12 The sample was postannealed at 300°C so that epitaxial Co 2 MnAl ͑001͒ was obtained with the B2 lattice structure.
1,12 Optical pump-probe measurements were made upon the samples with 130 fs pulses of 800 nm wavelength from a Ti:sapphire regenerative amplifier. The p-polarized pump pulse had energy of up to 0.8 J and was directed onto the sample surface at near normal incidence. The response of the sample magnetization was determined from a time resolved magneto-optical Kerr effect ͑TRMOKE͒ rotation measurement made with an s-polarized 400 nm wavelength probe pulse, with energy of 4 nJ, incident at an angle of 40°. The pump and probe beams were focused onto the sample surface with spot sizes of 140 and 80 m, respectively, and overlapped as they were viewed with a high-magnification charge-coupled device ͑CCD͒ camera.
Following excitation by the pump beam, the magnetization and magnetic anisotropy of the film undergo an ultrafast modification. As a result, the effective magnetic field acting upon the magnetization may no longer be parallel to the magnetization. The resulting torque stimulates precession of the magnetization which may be described by the LLG equation,
where ␣ is the Gilbert damping parameter, ␥ = 2.80ϫ ϫ 10 6 ϫ g Hz/ Oe is the gyromagnetic ratio of the electron, and g is the spectroscopic splitting factor. The effective magnetic field H eff includes the applied static magnetic field, the demagnetizing field, and contributions due to the magnetocrystalline anisotropy. For the case of a small amplitude uniform precession, an algebraic expression for the time dependent magnetization may be obtained if the magnetocrystalline anisotropy is assumed to be instantaneously reduced by the optical pumping. When the static field is applied parallel to the plane of incidence of the probe, the Kerr rotation signal contains an oscillatory component due to the out-of-plane component of the dynamic magnetization. Alternatively, if the static field is applied perpendicular to the plane of incidence, the Kerr signal results from the sum of two oscillatory terms that are linearly proportional to the components of magnetization that lie within the plane of incidence. 13 In either case the oscillatory Kerr rotation has the form
where ⌬, f 0 , , and are the amplitude, frequency, decay constant, and initial phase of the signal, respectively. The value of is dependent on the experimental geometry, while in the limit ␣ Ӷ 1, ⌬, f 0 , and can be expressed algebraically as
Here and 4 are the angles that the magnetization and ͓100͔ axis of the Co 2 MnAl describe with the applied static field H. M S and K 1 are the saturation magnetization and cubic magnetocrystalline anisotropy constant, respectively, while the value of is determined from the static equilibrium condition,
Measurements were first performed with the magnetic field ͑H L ͒ applied in the plane of the sample and parallel to the plane of incidence, as shown in Fig. 1͑a͒ . A typical timeresolved rotation Kerr signal is shown in Fig. 1͑b͒ , for which the magnetic field of 852 Oe was applied at 20°relative to the ͓110͔ axis of the Co 2 MnAl. The signal consists of an oscillatory component superimposed upon a component due to an ultrafast demagnetization. By comparing fine scans of the initial rise of the signal with the longitudinal hysteresis loop ͑not shown͒, the peak demagnetization was found to be 5%. It has been demonstrated that the amplitude and phase of the magnetization precession may be strongly dependent on the helicity of the pump beam for garnet films studied in the Faraday geometry.
14 However, the amplitude and phase of the demagnetization and precessional components were found to be independent of the helicity of the pump in our investigation, while the precession amplitude was linearly dependent on the pulse energy, as shown in the inset of Fig.  1͑b͒ .
In order to eliminate the contribution from the demagnetization signal, the experiments were mainly conducted with the static field ͑H T ͒ applied perpendicular to the plane of incidence, as shown in Fig. 1͑a͒. Figure 2͑a͒ shows the transient Kerr rotation signals obtained in this transverse field geometry as a static field of 211 Oe, sufficient to saturate the sample, was applied in different directions relative to the ͓110͔ axis of the Co 2 MnAl. The transient Kerr rotation signals show that the precession amplitude depends strongly on the orientation of the static magnetic field. The raw timeresolved signals were fitted to the sum of a damped sinusoid ͓Eq. ͑2͔͒ and to a small exponentially decaying background that accounts for the slow recovery of the magnetic anisotropy. The saturation magnetization was set to the bulk value of 730 emu/ cm 3 . 4,12 Equations ͑3͒, ͑4͒, and ͑6͒-͑8͒ were used to fit the amplitude and frequency of the precession of the magnetization, shown in Figs. 2͑b͒ and 2͑c͒ , respectively. precession was observed with the field applied parallel to ͑easy axis͒ or 45°from ͑hard axis͒ the ͓110͔ direction, while the maximum amplitude was found for the field applied midway between these orientations. The precession signal is also seen to undergo a 180°phase change as the static field crosses the easy or hard axis. From Fig. 2͑c͒ , the precession frequency is seen to exhibit a fourfold variation which has been fitted to Eq. ͑4͒. The fourfold variation of the precession amplitude and frequency with the orientation of the magnetic field confirms that the magnetization precession is induced by an ultrafast optical modification of the magnetocrystalline anisotropy, 9, 15 leading to a reorientation of the effective field acting upon the magnetization. When the static field is applied along either the easy or hard axis, no precession is induced because the effective field remains parallel to the magnetization after excitation. In all other orientations H eff rotates suddenly from alignment parallel to M, producing a torque on M. The damping parameter ␣ calculated using Eq. ͑5͒ shows a weak fourfold variation to which a sine curve has been added as a guide to the eye. However, we note that the extracted values of ␣ are slightly modified if the frequency of the fitted function is allowed to vary with time so as to account for the slow recovery of the magnetocrystalline anisotropy, and so further measurements are required to determine whether the observed fourfold variation is an intrinsic property of the sample or an artifact of the fitting procedure. Figure 3͑a͒ shows the dependence of the transient Kerr rotation signal upon the strength of the magnetic field. Here the static field was applied at 20°relative to the Co 2 MnAl ͓110͔ easy axis. The transient precession signals were again fitted using Eq. ͑2͒, and the fitted parameter values are summarized in Figs. 3͑b͒-3͑d͒ . As the magnetic field is increased, the precession frequency increases while the precession amplitude and the damping parameter ␣ decrease. The solid lines in Figs. 3͑b͒ and 3͑c͒ are fits to Eqs. ͑3͒ and ͑4͒, respectively. By fitting both the field and angle dependence data simultaneously, best fit values of g = 2.10 and K 1 = −4572 erg/ cm 3 were determined. A value of ␣ = 0.015± 0.003 is obtained at a frequency of 10 GHz, which is twice the value obtained in FMR measurements at the same frequency. 4 A number of authors have reported a field dependent damping parameter and suggested a variety of underlying mechanisms. [16] [17] [18] [19] [20] The damping parameter extracted from the fits reported here should be regarded as a phenomenological parameter that accounts for the combined effect of intrinsic damping, inhomogeneous broadening, two magnon scattering, any higher order spin waves processes, and propagation effects resulting from the nonuniform spatial profile of the precession. Further work is now required to understand which of these mechanisms make a significant contribution to the damping observed in the present study.
We have used an all-optical pump-probe method to study the magnetization dynamics of a thin Co 2 MnAl Heusler alloy film. The frequency and amplitude of the observed precessional oscillations showed a clear fourfold variation, revealing that the magnetization precession is induced by an ultrafast modification of the magnetocrystalline anisotropy field. By fitting the Kerr signal to a macrospin model, we have determined the values of the effective fields acting upon the magnetization and shown that the value of the damping parameter decreases rapidly as the strength of the applied field is increased.
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